Hepatitis C virus (HCV) is continuing to spread worldwide, adding three million new infections each year. Currently approved therapies are highly effective; however, access to them is limited due to the high cost of treatment. Therefore, a cost effective vaccine and alternative antivirals remain essential. HCV envelope glycoproteins, E1 and E2, heterodimerize on the virion surface and are the major determinant for virus pathogenicity and host immune response. Recent structural insights into amino-terminal domain of E1 and core of E2 have revealed unexpected folds not present in glycoproteins from related viruses. Here we discuss these structural findings with respect to their role in HCV entry and impact on potential vaccine design and new antivirals.
Introduction
Since its initial discovery in the late 1970s, hepatitis C virus (HCV) has been identified in all parts of the world, with seven major genotypes and more than 50 subtypes isolated. Currently, 3% of the human population is infected, making HCV a serious global health problem [1, 2] . There is no vaccine, and it is estimated that an additional 3-4 million individuals become infected each year [3 ] . Although the US Food and Drug Administration (FDA) recently approved several direct acting antivirals (DAA), including Telaprevir (VERTEX), Boceprevir (Merck), Harvoni (Gilead Sciences) and Viekira Pak (AbbVie), access to these medications is limited due to their high cost (over $80,000 per course of treatment).
Therefore, it is unlikely that treatment alone will halt the spread of the virus without an effective vaccine.
HCV is an enveloped virus with a single-stranded, positive sense RNA genome (Figure 1a ). The virion particle carries two surface proteins, E1 and E2, which exist as a heterodimer. A unique feature of the HCV particle is its association with lipoproteins and lipids, resulting in an unusually low buoyant density [4] . E1 and E2 are heavily glycosylated, which is critical for proper folding, transport through the secretory pathway and escape from the host immune response. The process of viral entry is thought to involve a physical interaction between the E1/E2 heterodimer and host cell surface receptors. Many cellular receptors have been implicated either directly or indirectly in HCV entry [5] . Convincing evidence suggests that glycosaminoglycans and low-density lipoprotein receptor are required for the initial attachment of the virus to host cells [6] . In addition, four receptors have been identified to function in entry, including scavenger receptor class B type 1 (SR-BI) [7] , CD81 [8] , Claudin-1 [9] and Occludin [10] .
E1 and E2 are type I transmembrane proteins (Figure 1b,c) . The ectodomains of E1 and E2 have been previously defined as the minimal deletions that result in secretion of properly folded protein [11] . Both E1 and E2 are heavily modified post translation with numerous N-linked glycans and intramolecular disulfide bonds [11] [12] [13] . The folding of these proteins requires ER chaperones, particularly calnexin [13] . For these reasons, overexpression of these proteins often results in misfolded, disulfide-linked aggregates, which has hindered biophysical and structural characterization.
A significant breakthrough in understanding the three dimensional organization of HCV glycoproteins is provided by recent crystal structures of the core ectodomain of E2 and amino-terminal domain of E1 [14 ,15 ,16 ] . The structures of E1 and E2 reveal unexpected novel features and lack the hallmarks of viral membrane fusion proteins, suggesting there may be a new entry mechanism for HCV. In this review we discuss the importance of these structures and their implication on HCV vaccine design. ID 4MWF and 4WEB) ( Figure 2 ) [14 ,15 ] . Both groups obtained crystals by forming an E2-antibody fragment (Fab) complex and making deletions within E2 (Figure 1c) . In 4MWF, a neutralizing, human antibody (AR3C) that prevents E2-CD81 interaction was used in conjunction with an E2 ectodomain, which did not contain hypervariable region 1 (HVR-1) and replaced HVR-2 with a flexible linker. In 4WEB, a non-neutralizing mouse monoclonal antibody (2A12) was used for co-crystalization with an E2 ectodomain lacking first 72 residues, which was shown to be disordered. This region includes conserved sequences implicated in binding to the cellular receptors (SR-BI and CD81) as well as several epitopes for neutralizing antibodies [17] [18] [19] [20] [21] . AR3C stabilizes the amino-terminal portion of the E2 ectodomain, enabling modeling of the CD81 binding site. In contrast, 2A12 recognizes a linear epitope at the carboxyl-terminus of the ectodomain, and does not interfere with E2 binding to CD81 or SR-BI.
The E2 core is a monomer with a compact, globular architecture consisting of immunoglobulin (IgG)-like fold and an additional novel domain. The novel domain comprises a central b sheet surrounded by loops, short helices and two b strands. In the core domain of HCV E2, many regions lack regular secondary structure and most of the N-linked glycans are largely disordered. Overall fold is formed by four b strands that are arranged in an inner buried and a solvent exposed, outer sheet. A loop connects the inner and outer sheets, and carries many key CD81 binding residues and is located adjacent to the front layer where additional CD81 contact residues are found. Electron microscopy [15 ] and small angle X-ray scattering (SAXS) [14 ] show that the full-length E2 ectodomain adopts a similar compact globular fold. Furthermore, size-exclusion chromatography and SAXS data suggest that the E2 ectodomain does not undergo major structural or oligomeric changes upon exposure to low pH [14 ] .
The E2 core structures are largely similar with a root mean square deviation (rmsd) of less than 0.8 Å for similar a-carbon positions; however, there are some interesting divergences, especially in the disulfide-bonding pattern ( Figure 2 ). Despite the high sequence variability in E2, the cysteine residues are absolutely conserved across genotypes, suggesting an important structural and/or functional role. Both structures have three disulfide bonds in common formed between C5-C9, C7-C8 and C14-C16 that appear to be critical for the fold of the core domain as they link secondary structure elements. However, in 4MWF, C1 is bonded to C6, while C6 is free in 4WEB since C1 is absent. Notably, all the disulfide bond discrepancies are in the regions where either the protein was modified or in flexible loops with poor electron density (mostly around HVR-3). The reasons for these discrepancies are currently unclear. The E2 protein sequences in the two structural studies were from different HCV genotypes; produced in HEK293T cells, which are known to yield functional envelope glycoproteins in 54 Antiviral strategies form of HCVpp; and have various deletions. Both production methods yielded functional E2 as the full-length ectodomains can inhibit HCVpp or HCVcc infection [14 ,15 ] . Moreover, it is possible that E2 has different disulfide bonding patterns on the surface of the virion. E2 has been detected as non-covalently associated to E1 in the ER, whereas E1/E2 appears to be covalently bound on secreted virus particles [22] [23] [24] .
E1 structure
E1 forms a heterodimer with E2 on the virus surface; however, the exact functions of E1 remain elusive. Recently, the structure of the amino-terminal portion (residues 1-79) of the E1 (nE1) was determined by X-ray crystallography (PDB ID 4UOI) (Figures 1b and  3 ) [16 ] . Like the E2 core structure, nE1 also shows an unexpected, novel architecture. Surprisingly, the protein is arranged as a disulfide linked, domain swapped homodimer. nE1 is composed primarily of b strands with a single long a-helix sandwiched by two and three antiparallel b strands. The first two b strands make a hairpin and are involved in domain swapped, homodimer formation. However, the possibility of nE1 adopting the monomeric conformation cannot be excluded. Interestingly, the fold has closest structural similarity with steroidogenic acute regulatory protein-related transfer domain, which binds to hydrophobic ligands such as sterol and lipid like molecules. This finding is particularly interesting as the HCV particle is associated with apolipoproteins. The most striking observation is that there are six monomers in the nE1 asymmetric unit, stabilized by a series of intramolecular and intermolecular disulfide bonds ( Figure 3 ). As nE1 crystals were obtained at low pH, it is tempting to speculate that the current structure may represent a post-fusion form. Unfortunately, only a few residues of the putative fusion peptide in E1 are included in the construct making it impossible to authenticate the prediction [25] .
Membrane fusion
As a member of the Flaviviridae family, HCV was postulated to contain a class II fusion protein similar to other family members [26 ] . All class II fusion proteins contain an elongated, three-domain architecture composed predominantly of b strands, and exist as homo or heterodimers with a hydrophobic, membrane fusion peptide buried at the dimer interface at neutral pH. Upon receptor binding and/or exposure to low pH, these proteins undergo self-rearrangement into stable trimers exposing the fusion peptide, resulting in viral and host membrane fusion. Although E2 was hypothesized to be the fusion protein, lack of an authentic fusion peptide and sequence similarity to class II fusion proteins raised doubts about this classification. Additionally, the E2 from the closely related pestivirus, bovine viral diarrhea virus (BVDV), lacks a membrane fusion peptide and class II fold despite possessing a multidomain elongated homodimer organization (Figure 4) [27, 28] .
The recent structural data for HCV E1 and E2 does not support the prediction that they are class II fusion proteins ( Figure 4 ). E2 core and nE1 are only 32 Å and 59 Å in length, respectively, while envelope glycoproteins from other family members exist as extended, elongated dimers of over 140 Å in length. Furthermore, the predicted putative fusion peptide in the E2 core is a part of the secondary structural elements within the hydrophobic core, ruling out membrane fusion activity. The E2 core also does not undergo major structural or oligomeric rearrangements upon exposure to low pH [14 ] . These findings strongly suggest that E2 is not a fusion protein, however the fusion peptide may reside in the deleted carboxyl-terminal region, which are absent in these structures. Lastly, although nE1 exists as a dimer in solution, it lacks any structural resemblance to other viral fusion proteins. Therefore, the HCV membrane fusion might be a completely different mechanism that could be brought about by either: first, E1 alone is sufficient and harbors the required fusion peptide outside of nE1; second, E1/E2 heterodimer is responsible for fusion; third, neither E1 nor E2 undergoes structural changes; however, a putative hydrophobic, fusion peptide exists in the carboxyl-terminus of E1 and/or E2 which is buried within heterodimer interface; or fourth, lastly other factors are involved in HCV fusion process, such as the virion associated lipoproteins or the various cellular receptors and co-factors.
Impact of HCV glycoprotein structures and future prospects E1 and E2 are primary determinants of viral pathogenicity and host immune response, emphasizing the potential value of the envelope glycoproteins in generating a vaccine. Indeed, prime-boost regimen with E1/E2 can elicit 56 Antiviral strategies cross-reactive, neutralizing antibody responses in the chimpanzee model, indicating the existence of conserved immunogenic epitopes across genotypes [29 ] . More recently, human volunteers challenged with E1/E2 recombinant proteins resulted in cross-neutralizing antibodies against all major genotypes providing a basis for the development of a vaccine, using the recombinant glycoproteins [30 ] .
The HCV glycoprotein structures are important breakthroughs for the development of a vaccine. However, the fact that majority of the E2 is composed of loops and flexible regions raise the concerns about the use of E2 alone for vaccine or drug design. Specifically, the region between HVR-1 and HVR-2, which contains part of the AR3C epitope, represents an important neutralizing immunodominant face of the protein but appears to have high conformational flexibility. Nevertheless, structural information for the broadly neutralizing AR3C antibody is extremely useful. Moreover, since the E2 core maintains the native fold after the removal of the HVR-1 and HVR-2, it is possible that future vaccine candidates could eliminate the inclusion of variable regions yet maintain the overall fold. In conclusion, current structural information provides the foundation to develop a cross protective vaccine and entry inhibitors.
